ATP synthase uses a unique rotary mechanism to couple ATP synthesis and hydrolysis to transmembrane proton translocation. The F1 subcomplex has three catalytic nucleotide binding sites, one on each ␤ subunit, with widely differing affinities for MgATP or MgADP. During rotational catalysis, the sites switch their affinities. The affinity of each site is determined by the position of the central ␥ subunit. The site with the highest nucleotide binding affinity is catalytically active. From the available x-ray structures, it is not possible to discern the high-affinity site. Using fluorescence resonance energy transfer between tryptophan residues engineered into ␥ and trinitrophenyl nucleotide analogs on the catalytic sites, we were able to determine that the high-affinity site is close to the C-terminal helix of ␥, but at considerable distance from its N terminus. Thus, the ␤TP site in the ATP synthase ͉ catalytic mechanism ͉ rotation F 1 F o -ATP synthase is responsible for the bulk of ATP synthesis from ADP and P i in most organisms. F 1 F o -ATP synthase consists of the membrane embedded F o subcomplex with, in Escherichia coli, a subunit composition of ab 2 c 10 , and the peripheral F 1 subcomplex, with a subunit composition of ␣ 3 ␤ 3 ␥␦. The energy necessary for ATP synthesis is derived from an electrochemical transmembrane proton (or, in some organisms, sodium ion) gradient. Proton flow, down the gradient, through F o is coupled to ATP synthesis on F 1 by a unique rotary mechanism. The protons flow through channels at the interface of a and c subunits, which drives rotation of the ring of c subunits. The c 10 ring, together with F 1 subunits ␥ and , forms the rotor. Rotation of ␥ leads to conformational changes in the catalytic nucleotide binding sites on the ␤ subunits, where ADP and P i are bound. The conformational changes result in formation and release of ATP. Thus, ATP synthase converts electrochemical energy, the proton gradient, into mechanical energy in form of subunit rotation, and back into chemical energy as ATP. In bacteria, under certain physiological conditions, the process runs in reverse. ATP is hydrolyzed to generate a transmembrane proton gradient which the bacterium requires for such functions as nutrient import and locomotion (for reviews, see refs.
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1 F o -ATP synthase is responsible for the bulk of ATP synthesis from ADP and P i in most organisms. F 1 F o -ATP synthase consists of the membrane embedded F o subcomplex with, in Escherichia coli, a subunit composition of ab 2 c 10 , and the peripheral F 1 subcomplex, with a subunit composition of ␣ 3 ␤ 3 ␥␦. The energy necessary for ATP synthesis is derived from an electrochemical transmembrane proton (or, in some organisms, sodium ion) gradient. Proton flow, down the gradient, through F o is coupled to ATP synthesis on F 1 by a unique rotary mechanism. The protons flow through channels at the interface of a and c subunits, which drives rotation of the ring of c subunits. The c 10 ring, together with F 1 subunits ␥ and , forms the rotor. Rotation of ␥ leads to conformational changes in the catalytic nucleotide binding sites on the ␤ subunits, where ADP and P i are bound. The conformational changes result in formation and release of ATP. Thus, ATP synthase converts electrochemical energy, the proton gradient, into mechanical energy in form of subunit rotation, and back into chemical energy as ATP. In bacteria, under certain physiological conditions, the process runs in reverse. ATP is hydrolyzed to generate a transmembrane proton gradient which the bacterium requires for such functions as nutrient import and locomotion (for reviews, see refs. 1-6).
F 1 (or ''F 1 -ATPase'') has three catalytic and three noncatalytic nucleotide binding sites. The three catalytic sites have vastly different affinities for Mg 2ϩ nucleotide. In the E. coli enzyme, the high-affinity site (or site 1) has a K d1 for MgATP in the nanomolar range, the medium-affinity site (or site 2) has a K d2 (MgATP) of Ϸ1 M, and the low-affinity site (or site 3) has a K d3 (MgATP) of Ϸ30-100 M (7). During rotational catalysis, the sites switch their affinities in a coordinated fashion. The position of the ␥ subunit determines which site has high, medium, or low affinity at a given point of time. Catalysis at physiologically relevant rates occurs only in the high-affinity site (8) . To investigate the coupling between catalysis and rotation, it is of utmost importance to identify which site in the x-ray structure is the high-affinity site. Unfortunately, in the available structures, only the low-affinity site can be readily identified. In the two-nucleotide structure (9) , the low-affinity site is empty and the ␤ subunit is in an open conformation (''␤ E ,'' for ''empty''); in the three-nucleotide structure (10) , the site is filled with MgADP and ␤ is in a half-closed conformation (''␤ HC ,'' for ''half-closed''). The two other catalytic sites, which by default represent the high-and medium-affinity sites, are nucleotideoccupied in both structures, and the ␤ subunits are in a closed conformation. In the original two-nucleotide structure (9) , one of the closed sites is filled with MgADP, the other with the MgATP analog MgAMPPNP; hence, the ␤ subunits are referred to as ␤ DP and ␤ TP , respectively. Although these two sites show subtle structural differences (11), it is not possible to rationalize differences in binding energy for Mg 2ϩ nucleotide of 9-13 kJ/mol, which are expected from the ratio of K d1 and K d2 values for MgATP, MgADP, and MgITP (7, 12, 13) . Structure-based calculations of ligand binding energies did not allow to conclude which of the two sites, ␤ DP or ␤ TP , was the high-affinity site (14) . The situation was complicated further by the recent discovery (15) that the ␤ DP site in the original structure (9) actually contained an MgADP-azide complex, which seems to mimic MgATP.
Closer contacts to the adjacent ␣ subunit, especially toward the C-terminal domains (9), a water molecule better positioned for attack on the ␥-phosphate of MgATP (represented by the analogs MgAMPPNP or MgADP.BeF 3 Ϫ ; see refs. 11 and 16), and a potentially sterically favorable Mg 2ϩ coordination (17) were used as arguments for ␤ DP as the high-affinity site. On the other hand, comparison of free energy difference simulations for the hydrolysis reaction with ''uni-site'' data, which are obtained under conditions where substoichiometric MgATP is bound only to the high-affinity site and hydrolyzed there with K eq Ϸ 1, pointed to ␤ TP as the high-affinity site (18) . A recent study analyzing the kinetics of partial reactions during rotational catalysis came to the same conclusion (8) .
In the present study, we used the ␥ subunit as reference to identify the high-affinity site. We measured the distance of each amino acid of ␥ to each one of the two closed catalytic sites and determined the portions of ␥ which are the most ''asymmetric'' with regard to their spatial relationship to the two closed sites. Tryptophan (Trp) residues were inserted into these positions, and fluorescence resonance energy transfer (19) between the Trp residues and catalytic-site-bound nucleotide analogs MgTNP-ATP and MgTNP-ADP was measured. The absorption spectrum of the trinitrophenyl moiety of the nucleotide analogs overlaps with the fluorescence spectrum of Trp, which is a prerequisite for energy transfer. The results demonstrated that the catalytic site which is closer to the C terminus of ␥, ␤ TP , is the high-affinity site. The impact of this finding on current models for the catalytic mechanism of ATP synthase will be discussed.
Results

Identification of Potential Insertion Sites for Trp Residues in the ␥
Subunit.
To determine which portions of ␥ have the most asymmetric spatial relationship to the two closed sites in the x-ray structure of F 1 , we determined for each atom of ␥ its distance to the nucleotides in ␤ DP and ␤ TP . As the trinitrophenyl group of 2Ј,3Ј-O- (2,4,6-trinitrophenyl) adenosine 5Ј-triphosphate (TNP-ATP) and 2Ј,3Ј-O-(2,4,6-trinitrophenyl)adenosine 5Ј-diphosphate (TNP-ADP) forms a Meisenheimer complex (a spiro complex with a negative charge on the trinitrophenyl moiety) with the 2Ј and 3Ј oxygen atoms of the ribose (20) , the 2Ј oxygen was chosen as reference point. The ratio of both distances is plotted in Fig. 1 . As can be seen, the three most asymmetric regions of ␥ with distance ratios above 1.5 are at the N terminus (residues ␥2-␥8) (E. coli numbering is used throughout, except when indicated), in a loop in the globular region of ␥, outside of the ␣ 3 ␤ 3 ring (␥176-␥179), and in the C-terminal helix at the level of the nucleotide binding sites (␥247-␥266). The N terminus of ␥ is closer to the ␤ DP nucleotide binding site, the two other identified regions are closer to the ␤ TP site.
In absolute distances, the side chains of several residues at the N terminus of ␥ come within 25 Å of the nucleotide in the ␤ DP site, whereas they are Ͼ35 Å away from the nucleotide in the ␤ TP site; for residues in the C-terminal helix of ␥ the situation is reversed [supporting information (SI) Tables 1 and 2 ]. For residues ␥176-␥179, the distance to the ␤ TP site is 35-40 Å, whereas the distance to the ␤ DP site is Ͼ50 Å. The distances are very similar in the two-nucleotide structure (9, 16) and the three-nucleotide structure (10) . The distance to the nucleotide in the low-affinity site in ␤ HC in the three-nucleotide structure is in each case similar to the distance to the nucleotide in the more remote closed site (SI Tables 1 and 2 ). It should be noted that, although the reference structures are for the mitochondrial enzyme, the lower-resolution (4.4 Å) structure of E. coli F 1 (21) shows the portions of ␥ relevant to this study, i.e., the extreme N terminus of ␥ and the C-terminal helix around residue ␥262, in very similar positions.
The critical transfer distance, R 0 (where the transfer efficiency is 0.5), for the donor/acceptor pair Trp/TNP-AT(D)P is Ϸ20-25 Å (see, for example, refs. 22 and 23), assuming an orientation factor, 2 , of 2/3 (23). Thus, the identified N-and C-terminal regions of ␥ should be eminently suitable for the insertion of Trp residues for the intended energy transfer experiments. Binding of TNP-ATP or TNP-ADP to the spatially closer closed site should quench the fluorescence of the inserted Trp residue considerably due to energy transfer, whereas, because of the distance dependence of the transfer efficiency (20, 23) , binding to the more remote closed site (and binding to the half-closed site) should reduce the fluorescence by significantly less. The third asymmetric region of ␥ identified here, ␥176-␥179, appears to be less suitable, because even binding of the nucleotide analog to the closest catalytic site (␤ TP ) would result in little quenching of the fluorescence of an inserted Trp.
Properties of the ␥ Trp Mutants. The goal was to identify one Trp mutant each at the N terminus of ␥ and in the C-terminal helix of ␥ that could be used for the intended energy transfer experiments. An obvious selection criterion was preservation of function in the mutant enzyme. However, just as important was the purity of the final F 1 preparation. Given a Trp frequency of 1.0-1.5% in an average protein (24, 25) , as compared with Ͻ0.03% for a single Trp in F 1 , a contamination of just 2-3% would result in a fluorescence signal equal to that of the inserted Trp (assuming an average quantum yield). Nine Trp mutants were generated by using Trp-free F 1 (26) as background, six at the N terminus of ␥ in positions 2-6 and 8, and three in the C-terminal helix in positions 252, 262, and 266. All mutant strains were competent in oxidative phosphorylation, as evidenced by growth on succinate plates and growth yields in limiting glucose (data not shown), indicating that the respective mutant ATP synthase operates via the normal rotary mechanism. After preparation of mutant F 1 , out of purity considerations (see SI Table 3 ), ␥E5W and ␥L262W were chosen for the energy transfer experiments.
Both mutant F 1 showed ATPase activities similar to the parental Trp-free enzyme. At 23°C and pH 8.0 (see Methods), V max was 23 units/mg for the ␥E5W mutant and 17 units/mg for the ␥L262W mutant, as compared with 15 units/mg for the Trp-free enzyme. K M was 210 M for ␥E5W, 130 M for ␥L262W, and 140 M for Trp-free F 1 , giving k cat /K M values of 6.8-8.3 ϫ 10 5 M Ϫ1 s Ϫ1 for all three enzymes. It should be noted that hydrolysis of TNP-ATP is much slower than hydrolysis of ATP. For wild-type E. coli F 1 , the rate was reduced by a factor of 70 when measured at a Mg 2ϩ :TNP-ATP ratio of 1:2.5 (27) . Under the conditions used for the energy transfer experiments (excess of Mg 2ϩ ), we measured an TNP-ATP hydrolysis rate of 0.02 units/mg, 400-fold less than the ATP hydrolysis rate under optimal conditions (Ϸ8 units/mg for wild-type F 1 ).
The corrected (23) Trp fluorescence spectrum of ␥E5W mutant F 1 showed a wavelength maximum at 334 nm, indicating an environment of intermediate polarity for the inserted Trp. ␥L262W mutant F 1 gave a wavelength maximum of 340 nm, suggesting a slightly more polar environment. In both cases, binding of nucleotide and initiation of rotation by addition of 1 mM MgATP did not result in noticeable changes of the Trp fluorescence spectrum (see SI Fig. 5 ).
The anisotropy of ␥W5 was determined to be 0.23, that of ␥W262 0.22. The limiting anisotropy for a completely immobilized Trp is 0.31 (28) . Because of the size of F 1 , the depolarization caused by rotational diffusion of the protein (estimated rotational correlation time Ϸ200 ns) during the fluorescence lifetime of Trp (Ͻ10 ns; see ref. 23 ) is small. Thus, the measured anisotropies indicate that both inserted Trp residues can un- 10, for each nonhydrogen atom of ␥, the distances to the 2Ј oxygen atom of the nucleotide in the ␤TP site (distance ϭ ⌬TP) and in the ␤DP site (distance ϭ ⌬DP) were calculated, using Sigmaplot (Systat). The ratio of the distances is plotted. Open squares, ⌬ TP/⌬DP Ͼ 1; filled circles, ⌬DP/⌬TP Ͼ 1. In the first case, the respective atom of ␥ is closer to the ␤DP site; in the latter case, it is closer to the ␤TP site. Residue numbers were adjusted to reflect the E. coli enzyme.
dergo some rapid segmental motion, therefore justifying the assumption of a value of 2/3 for the orientation factor, 2 , in the evaluation of the fluorescence energy transfer experiments described below (see discussion in ref. 23 ).
Binding of MgTNP-ATP and MgTNP-ADP to F1. Binding of MgTNP-ATP and MgTNP-ADP to the catalytic sites of E. coli F 1 was measured via the fluorescence of a Trp residue, ␤W331, engineered into the adenine-binding pocket (7) . In the absence of nucleotide, this Trp residue has a pronounced fluorescence (quantum yield, ⌽ F ϭ 0.22; see ref. 13) . Interaction with the base of catalytic-site-bound nucleotide quenches this fluorescence virtually completely (7, 13) . Previous data on MgTNP-ATP binding (27) had been obtained under conditions where hydrolysis rates are maximal, using a constant Mg 2ϩ :TNP-ATP ratio of 1:2.5. Here, we chose a constant Mg 2ϩ concentration of 2.5 mM, to avoid an excess of free (i.e., not complexed by Mg 2ϩ ) TNP-ATP. The results are shown in Fig. 2 a and b. Fig. 2a shows the data points at low MgTNP-ATP concentrations, plotted as a function of total MgTNP-ATP concentration. After subtracting enzyme-bound MgTNP-ATP from total MgTNP-ATP for these data points, the resulting concentrations of free (i.e., not enzyme-bound) MgTNP-ATP were scattering around zero, indicating that binding to the high-affinity site 1 is too tight (K d1 Ͻ 3 nM) to be measured with the technique applied here. From the data shown in Fig. 2b , the K d values for MgTNP-ATP binding to the medium-affinity site 2 and the low-affinity site 3 were determined to be K d2 ϭ 0.26 M and K d3 ϭ 1.9 M. The binding affinity for MgTNP-ADP is overall slightly lower, with K d1 Ϸ 10 nM, K d2 ϭ 0.37 M, and K d3 ϭ 3.6 M (Fig. 2c) . As noted before (27) , and as observed for many other proteins (20) , the affinity for MgTNP-ATP and MgTNP-ADP is Ϸ10-fold higher than for the natural nucleotides, MgATP and MgADP. (Fig. 2a) shows that, by far, the strongest drop-off, 15-20% of the total f luorescence, accompanies MgTNP-ATP binding to highaffinity site 1. Binding to sites 2 and 3 together leads to additional quenching of just Ϸ10%. For a numerical evaluation, we fitted theoretical curves to the quenching data ( Fig. 2 d and e, filled  squares) , assigning a ⌬F (decrease in fluorescence) value to each binding process, using the K d value determined above. The results of the iteration showed that binding of MgTNP-ATP to site 1 is accompanied by a fluorescence decrease of 16.3%, whereas binding to sites 2 and 3 combined is accompanied by an additional decrease of 10.8%.
Binding of MgTNP-ADP had a very similar effect on the fluorescence of residue ␥W262 (Fig. 2f, filled squares) . Again, binding of the nucleotide analog to the high-affinity site was accompanied by a decrease in fluorescence intensity of Ϸ20%, whereas binding to the medium-and low-affinity sites combined caused additional quenching of just Ϸ10%. A fit of theoretical curves to the data points gave a fluorescence decrease of 20. high-affinity site 1 results in a much higher energy transfer efficiency than binding to sites 2 and 3. As the transfer efficiency is distance-dependent, this means that the catalytic binding site closest to the C-terminal helix of ␥, and, specifically, to the side chain of residue ␥L262W, has to be the high-affinity site. Thus, the findings described here identify ␤ TP as the subunit carrying the high-affinity site (Fig. 3 ).
In the experiments described here, it was not attempted to dissect the contributions of sites 2 and 3 individually. For one, K d2 and K d3 are relatively close together. Secondly, although it was shown that F 1 as prepared for the fluorescence assays has the noncatalytic sites essentially filled with endogenous adenine nucleotides (29), we cannot completely exclude that some small amount of nucleotide exchange occurs at these sites during the course of the experiment, resulting in energy transfer between ␥W262 and noncatalytic-site-bound MgTNP-ATP. The affinity of the noncatalytic sites for MgTNP-ATP (K d ϭ 0.2 M at all three sites; see ref. 30 ) and MgTNP-ADP (K d ϭ 6.5 M) is in the range of that of the medium-and low-affinity catalytic sites. Thus, energy transfer observed upon binding of the nucleotide analog to catalytic sites 2 and 3 might contain a small contribution of transfer to analog on a noncatalytic site.
Effect of Binding of MgTNP-ATP and MgTNP-ADP to ␥E5W Mutant F1. Fig. 2 d-f (open squares) shows the fluorescence response of ␥E5W mutant F 1 upon binding of MgTNP-ATP and MgTNP-ADP, respectively. The overall quenching of ␥W5 fluorescence due to energy transfer is lower than for ␥W262, Ϸ15% as compared with 25-30%. Possible reasons for this could be a lower quantum yield of ␥W5, as compared with ␥W262, and/or a higher degree of contaminations in the F 1 preparation. However, these effects should influence the quenching observed upon binding of the nucleotide analog to each of the three catalytic sites in the same way.
A far bigger contrast, however, is that the decrease of ␥W5 fluorescence occurs predominantly upon binding of MgTNP-ATP or MgTNP-ADP to sites 2 and 3. For MgTNP-ATP, binding to the high-affinity site 1 is associated with only 2.2% quenching, whereas binding to sites 2 and 3 results in 12.0% quenching. For MgTNP-ADP, the respective numbers are 1.8% (site 1) and 13.1% (sites 2 and 3). The data show that the N terminus of ␥ and consequently the catalytic site on ␤ DP (Fig. 3) are at considerable distance from the high-affinity site. These findings confirm that the site on ␤ TP is the high-affinity catalytic site.
Discussion
The goal of the study presented here was to identify the high-affinity site in the crystal structure of F 1 -ATPase. For this purpose, we engineered Trp residues into the N-and C-terminal helices of subunit ␥ and monitored the resonance energy transfer between these Trp residues and the nucleotide analogs MgTNP-ATP or MgTNP-ADP bound in the catalytic sites. The results showed that the inserted residue ␥W262 in the C-terminal helix of ␥ is much closer to the high-affinity site 1 than to the other two sites. In the crystal structure (Fig. 3 ) the catalytic site closest to the side chain of the amino acid in position ␥262 is the ␤ TP site. Thus, the ␤ TP site is the high-affinity site. As a control, it could also be shown that the side chain of residue ␥W5 is at significant distance from the high-affinity catalytic site. As ␥W5 is close to the catalytic site on ␤ DP , the data confirmed that the ␤ DP site is not the high-affinity site. By default (see Introduction), this makes the ␤ DP site the medium-affinity site. In addition, the results corroborated that the high affinity site for nucleoside diphosphates and nucleoside triphosphates is the same site (31), at least in absence of P i (cf. ref. 32) .
Before discussing the impact of the results of this study on current models for the catalytic mechanism of ATP synthase, a possible question regarding the experimental design should be addressed. The selection of the nucleotide ligand was obviously dictated by the requirement for reasonable spectral overlap of the Trp emission spectrum and the absorption spectrum of the nucleotide analog, a prerequisite for resonance energy transfer. A reason for concern might be that MgTNP-ATP is not a very good substrate for F 1 -ATPase; compared with MgATP, V max is reduced by factors of 70 and 600 in the E. coli (27) and mitochondrial (33) enzymes, respectively. Still, the binding properties of the trinitrophenyl derivatives mimic those of the natural nucleotide ligands ATP and ADP at the catalytic sites, and there is substantial evidence that MgTNP-ATP is hydrolyzed by essentially the same mechanism as MgATP. Except for an overall higher affinity for the trinitrophenyl derivatives, the binding pattern for the analogs as well as for the natural nucleotide ligands shows widely differing affinities at the three catalytic sites in presence of Mg 2ϩ and a much more ''symmetric'' binding behavior in absence of divalent cations (27, 30) . With MgATP as well as with MgTNP-ATP as substrate, all three catalytic sites have to be occupied to reach V max (27) . Most importantly in the context of the present study, the properties of the high-affinity site for MgTNP-ATP and the high-affinity site for MgATP are so similar that there is no doubt that both are one and the same site. In both cases, substoichiometric substrate is bound very tightly; hydrolysis of such bound substrate is very slow, but is accelerated greatly by binding of substrate to the lower-affinity catalytic sites. In fact, this behavior of the high-affinity site was first described for MgTNP-ATP (33, 34) and only subsequently for MgATP (35) . Fig. 4 shows an updated mechanism for MgATP hydrolysis by ATP synthase, which incorporates as a new feature the identification of the ␤ TP site as the high affinity site. Together with the observed counterclockwise direction of rotation (when seen from the membrane; see ref. 36 ), this allows now to establish the sequence of affinities through which a given catalytic site cycles during MgATP hydrolysis as low 3 high 3 medium 3 low. This sequence was suggested in precursors of the model shown in Fig.   Fig. 3 . Cross-section of the nucleotide binding domains of F1. Green, ␣ subunits; yellow, ␤ subunits; blue, N terminus of ␥; red, C terminus of ␥. The ␤ subunits are labeled as assigned in the x-ray structures (9, 10, 16); ''␤HC'' stands for ''half-closed,'' indicating the conformation of the ␤E site when a ligand is bound (3). The adenine nucleotides on the ␤DP and ␤TP sites are shown in ''spacefill'' representation. The residues in position ␥5 and ␥262 were ''mutated'' in silico to Trp using PRIME (Schrö dinger, Portland, OR) and are shown in stick representation (␥5, blue, seen from the side of the ring system; ␥262, red). The shown configuration of the Trp side chains were obtained by energy minimization. The cross-section is shown as viewed from the membrane. Thus, during MgATP hydrolysis, the ␥ subunit rotates counterclockwise, and an individual ␤ subunit changes its conformation according to the sequence ␤TP 3 ␤DP 3 ␤E/␤HC 3 ␤TP. For further details, see the text. The figure was created using PyMOL (Delano Scientific, San Carlos, CA). (D 3 A) , the site has become the medium-affinity site; it is still occupied by MgADP. MgADP stays on this site during the initial 80°substep of the third 120°rotation step, and is probably released during the final 40°substep, when the site is converted to the lowaffinity site. The mechanism proposed in Fig. 4 is in agreement with a recent study where nucleotide binding and rotation were observed simultaneously (44) . It is also in agreement with the observed MgATP/MgADP distribution of 1:2 during steadystate hydrolysis under substrate saturation, where the enzyme species shown in stage D becomes the predominant one (37) . In contrast, in models that propose a low 3 medium 3 high 3 low sequence for MgATP hydrolysis, MgATP would be hydrolyzed during the third 120°reaction cycle, once the site has reached high affinity. Thus, two of the three catalytic sites would have to be filled with MgATP (10, 43) .
In hydrolysis direction, the 80°rotation substep appears to be driven by MgATP binding (44) (45) (46) . However, given that (i) MgITP generates ␥ rotation with the same characteristics as MgATP (47) , and (ii) that K d3 (MgITP) is Ϸ50-fold higher than K d3 (MgATP) (12, 13) , it does not seem very likely that the initial step of binding to the low-affinity site drives the rotation substep. Rather, it seems to be the subsequent conversion of low-affinity to high-affinity site, accompanied by a change in conformation of the ␤ subunit from a ''half-closed'' to the fully closed state, which makes ␥ rotate (similar as suggested in ref. 32 ). The ratio of K d3 /K d1 , and thus the energy gained from the transition of low-affinity to high-affinity site, is similar for MgATP and MgITP (12, 13) . If the sequence for the affinity of an individual site in MgATP hydrolysis were the opposite, i.e., low 3 medium 3 high 3 low (10, 43), the conversion from half-closed to closed ␤ subunit would occur with the transition low 3 medium, which would provide significantly less energy than the transition low 3 high [K d3 /K d2 (MgATP) Ϸ 30-50, as compared with K d3 /K d1 Ͼ 1,000]. The subsequent transition medium 3 high would not change the overall conformation of the ␤ subunit significantly, making it difficult to envision how this step could be involved in driving ␥ rotation.
In summary, f luorescence energy transfer experiments showed that the high-affinity catalytic site is close to the C-terminal helix of ␥, but not to its N terminus. This identified the ␤ TP site as the high-affinity catalytic site. Together with the known direction of rotation, this establishes the sequence of affinity changes at an individual catalytic site during MgATP hydrolysis as low 3 high 3 medium 3 low. Such a sequence is supported by a considerable amount of additional experimental evidence.
Materials and Methods
Materials. TNP-ATP and TNP-ADP were obtained from Invitrogen (Carlsbad, CA).
E. coli Strains and Plasmids. Source of wild-type F 1 was strain SWM1 (48), source of Trp-free F 1 was strain pB0W1/DK8 (49), source of ␤Y331W mutant F 1 was strain pSWM4/JP17 (7). Background for the new Trp mutations in ␥ was strain pB0W1/ DK8; thus, the newly inserted Trp would be the sole Trp. The mutations in ␥ were generated by MCLab (San Francisco). Presence of the mutation and absence of any undesired spontaneous mutation were confirmed by DNA sequencing. The mutated plasmids were transformed into strain DK8 (50) .
Preparation of Enzymes, Functional Analysis of Mutant Strains and
Enzymes. F 1 was isolated as described in ref. 13 ; in the case of ␥E5W mutant F 1 , the final purification step, gel filtration on Sephacryl S-300 HR, was repeated to improve the purity. Growth yields in limiting glucose were measured as described in ref. 51 .
ATPase activities were measured in 50 mM Tris/H 2 SO 4 , 10 mM ATP, 4 mM MgSO 4 , pH 8.0, at 23°C. For determination of K M values, the same buffer was used, and the MgATP concentration was varied, keeping the MgSO 4 :ATP concentration constant at 1:2.5. Released inorganic phosphate (P i ) was determined as described (52, 53) . One unit is defined as 1 mol of ATP hydrolyzed (corresponding to 1 mol of P i produced) per min. TNP-ATPase activities were measured in 50 mM Tris/ H 2 SO 4 , 10 M TNP-ATP, 2.5 mM MgSO 4 , pH 8.0, at 23°C. (4) is the assignment of ␤ subunit conformations, ␤TP, ␤DP, and ␤HC/␤E, to the catalytic site with high affinity (''H''), medium affinity (''M''), and low affinity (''L'' in the occupied, half-closed conformation; ''O'' in the empty, open conformation), respectively. In addition, the enzyme depictions are mirror images of those previously used (4, 12, 37) , so that ␥ (represented by the red arrow in the white oval) now rotates counterclockwise, as in most other mechanistic models. For details of the mechanism, see the text.
(HORIBA, Jovin Yvon), at 23°C. For all titrations with nucleotides (ATP) or nucleotide analogs (TNP-ATP and TNP-ADP), the buffer was 50 mM Tris/H 2 SO 4 , 2.5 mM MgSO 4 , pH 8.0. F 1 concentration was 30 -60 nM. To correct for dilution and inner filter effects, parallel titrations with wild-type F 1 were performed. The number of occupied catalytic sites for each concentration of nucleotide or nucleotide analog was determined in parallel titrations with ␤Y331W mutant F 1 (7, 13) . K d values were determined from the ␤Y331W F 1 titration curves as described in ref. 13 . Energy transfer was monitored by measuring the decrease in f luorescence intensity of the Trp donor ( exc ϭ 295 nm; em ϭ 340 nm). Fluorescence anisotropies were measured at a protein concentration of 0.8 M ( exc ϭ 300 nm; em ϭ 340 nm).
